Abstract: Background: Genetic and environmental risk factors are assumed to contribute to the susceptibility to cervical artery dissection (CeAD). To explore the role of genetic imbalance in the etiology of CeAD, copy number variants (CNVs) were identified in high-density microarrays samples from the multicenter CADISP (Cervical Artery Dissection and Ischemic Stroke Patients) study and from control subjects from the CADISP study and the German PopGen biobank. Microarray data from 833 CeAD patients and 2040 control subjects (565 subjects with ischemic stroke due to causes different from CeAD and 1475 disease-free individuals) were analyzed. Rare genic CNVs were equally frequent in CeAD-patients (16.4%; n=137) and in control subjects (17.0%; n=346) but differed with respect to their genetic content. Compared to control subjects, CNVs from CeAD patients were enriched for genes associated with muscle organ development and cell differentiation, which suggests a possible association with arterial development. CNVs affecting cardiovascular system development were more common in CeAD patients than in control subjects (p=0.003; odds ratio (OR) =2.5; 95% confidence interval (95% CI) =1.4-4.5) and more common in patients with a familial history of CeAD than in those with sporadic CeAD (p=0.036; OR=11.2; 95% CI=1.2-107).
INTRODUCTION
Copy number variations (CNVs) are structural genetic variants (deletions or duplications), leading to genetic imbalance.
CNVs are widespread in the human genome and play an important role in multiple phenotypes [1] [2] [3] including vascular diseases [4, 5] . The contribution of structural genetic variation to the risk of ischemic stroke (IS) has not been explored thoroughly: In a CNV study of 263 patients with IS of different causes [6] , no common genomic structural variant was unequivocally linked to IS. A pilot study of 70 patients with cervical artery dissection (CeAD) [7] identified several rare CNVs affecting genes involved in arterial development or in connective tissue disorders. CeAD is a bleeding within the arterial wall of the carotid artery or the vertebral artery. CeAD is a rare cause of IS in old patients, but it causes IS in about 10% of patients <50 years [8, 9] . A recent genomewide association study identified a common variant in the PHACTR1 gene (encoding the phosphatase and actin regulator 1) that increased the risk for CeAD [10] ). In the current study we explore rare CNVs in a large set of SNPmicroarray data that genome-wide association study [10] . Our findings suggest that rare structural variation associated with different biological functions including muscle organ development, cell differentiation and cardiovascular system development contribute to the risk of CeAD.
MATERIAL AND METHODS

Patients and Controls Subjects
A total of 983 patients with a diagnosis of CeAD based upon predefined criteria were included in the CADISP (Cervical Artery Dissection and Ischemic Stroke Patients) study between 2004 and 2009 [11] . After the exclusion of CeAD patients with (i) confirmed diagnosis of vascular EhlersDanlos syndrome (vEDS), (ii) non-European origin, or (iii) insufficient DNA quality, 883 patients were successfully genotyped using an Illumina Human 610-Quad or Human 660W-Quad Bead Chip at the Centre National de Géno-typage in Evry, France, and passed genotyping quality control.
As control subjects, 658 patients with ischemic stroke attributable to a cause other than CeAD (non-CEAD-IS patients) and 269 Finnish healthy subjects from the CADISP study [11, 12] were included in the study. After the exclusion of individuals with (i) non-European origin or (ii) insufficient DNA quality, 585 control patients and 237 healthy controls passed genotyping quality control. Ancestry of all CADISP subjects (patients as well as controls) was inferred from places of birth of both parents as well as of selfreported information during the interview upon recruitment. Principal component analysis and stringent Hardy-Weinberg Equilibrium filtering during quality control preceding the genome-wide association study [10] enabled identification of population stratification. As additional controls, we used 1262 high-quality Affymetrix 6.0 datasets from Caucasian subjects in the German PopGen biobank [13] .
Baseline Characteristics of CeAD Patients
The following clinical variables were derived from the CADISP-database: age, sex, vascular risk factors (as defined before [14] ), site of dissection (internal carotid artery, vertebral artery or both), presence or absence of ischemic stroke, familial history of CeAD, defined as self-reported history of CeAD in first-degree relatives (parents, siblings or children). Since the CeAD study sample comprised two families with two affected relatives each, analysis of the familial history of CeAD was also performed by including only one affected individual from each family.
CNV Discovery and Prioritization
CNVs were identified with the PennCNV software (version May 2010) [15] . CNVs comprising >10 SNPs (Illumina data) or >20 SNPs (Affymetrix data) were analyzed further. Datasets with outlier numbers of CNV calls (i.e., >125 or < 15 CNVs) or with a variance >0.2 of the normalized LRR values taken over all autosomal SNPs were excluded from the analysis [16] . The final study sample comprised microarray data from 833 CeAD patients, 565 control patients, and 215 Finnish and 1260 German healthy subjects.
Published CNV data were used to identify common CNVs in the study subjects. CNVs were considered as rare if less than three copies were found among the 3703 disease-free subjects in two published CNV databases [17, 18] . CNVs overlapping > 50% of their physical length were considered as similar.
CNV Validation and Mapping
Signal intensity and B-allele frequencies of all rare CNVs were visualized (http://noise-free-cnv.sourceforge.net/ contact.php) to identify putative false-positive calls and to inspect and map the breakpoints. CNV validation was performed in two-steps as described before [7, 16] , including visual inspection of each CNV finding in noise-reduced datasets, followed by molecular analysis of a few selected CNVs. For molecular validation by quantitative PCR [19] , we randomly selected 10 rare CNVs from the CeAD patients. For each CNV, PCR was carried out in six replicas with DNA of the CNV carrier and three control subjects in 96-well plates with a Bio-Rad SYBR-Green PCR system following standard procedures. Five additional CNVs from CeAD patients were validated by identification and sequence analysis of the joining fragment [20] .
The first and the last SNPs of each CNV were mapped onto the human genome (GRCh38) (http://www.ensembl.org /Homo_sapiens). CNVs were classified as genic if they comprised the deletion of at least one coding exon or a duplication that either encompassed an entire coding region or internal exons [21] . Duplications with both breakpoints within genes of similar chromosomal orientation were also considered as genic, because they might encode a fusion protein [22] .
CNV findings located in heterochromatic pericentromic regions, in the short arms of the acrocentric chromosomes (numbers 13,14,15,21 and 22) , in the subtelomeric regions of chromosomes 9q and 14q, in the MHC region of chromosome 6p and in the Y-chromosome were a-priori exluded from the current analysis.
Functional Enrichment Analysis / Case Control Studies
All genes identified in all rare CNVs from the CeAD patients sample were analyzed for enrichment of predefined gene sets with the Set Distiller software package (http:// www.genecards.org/index.php?path=/GeneDecks). Top enrichments for the category "GeneOntology biological process" were analyzed. P-values for enrichment were Bonferroni-adjusted for multiple testing of the total set of tested biological processes (n=7780) by default.
For each analyzed enriched gene set, all rare CNVs affecting one or more genes belonging to the gene set were identified in both study groups (CeAD patients and control subjects). The prevalence of CNVs affecting a selected gene set was compared between patients and control subjects for 10 top findings. Nominal p-values were multiplied by 10 to adjust for multiple testing.
Among the CeAD-patients, we compared carriers of CNVs affecting enriched pathways with non-carriers with regard to their clinical characteristics and risk factors. Also patients with and without a family history of CeAD were compared.
Statistical Analysis
Categorical variables were tested by a χ 2 statistic unless expected cell counts were smaller than five, in which case Fisher's exact test was used. Students' T-test was used for the analysis of continuous variables with a normal distribution (age, body mass index). The SPSS 19.0 statistics software package was used for statistical analysis. Comparisons were adjusted for age and sex in a logistic regression model.
Ethics
The study protocol was approved by relevant local authorities in all participating centers and complied with all national regulations concerning ethics committee approval and informed consent procedures.
RESULTS
The final study sample comprised 2873 microarray datasets ( Fig. 1 : 833 patients and 2040 controls), Genic CNVs with low frequency (<0.001) in two published highquality datasets were prioritized for further analysis and mapped onto the human genome (genome assembly: GRCh37) to identify coding sequences covered by the CNV. In the CeAD group, 147 rare genic CNVs were identified in 137 carriers (16.4%), affecting a total of 433 annotated protein coding genes. In the control subjects we identified 346 (17.0%) carriers of rare genic CNVs, affecting a total of 742 annotated protein-coding genes. All CNV findings were validated one by one by visual inspection of the datasets with the noise-free-CNV software package. This initial validation step included verification of the mere presence of the CNV, of the positions of its start and end SNPs, and of the copy number. Moreover, visual inspection permitted the identification of split calls or somatic mosaicism and gives an immediate impression of the quality of the microarray sample. Additional validation by independent molecular methods was successfully performed in a small selection of the CNV findings supplementary files, (2 and 3).
Genes that were covered by rare CNVs from the CeAD patients were analyzed with the GeneDecks Set Distiller software to search for significant enrichment. Top-10 enrichments for "biological process (GeneOntology)" are presented in (Table 1) . A case/control study of rare CNVs was then performed to test for disease association. Rare genic CNVs from CeAD patients were significantly more likely to affect genes associated with muscle organ development or with cell differentiation than rare genic CNVs from control subjects. The control sample includes a large population of disease-free German subjects, and two samples that were enrolled by the CADISP study (healthy subjects from Finland and age-and sex-matched IS patients from the main recruiting centers). These three controls were merged into a single large control group (n=2040) and compared with the patients group (n=833). With regard to the CNV-findings associated with the predefined GO groups ( Table 1) , no significant heterogeneity was found across the three control samples (data not shown).
Next we tested for genetic association between CeAD and genes involved in cardiovascular system development, a biological process possibly underlying the observed associations with muscle development and cell differentiation. Rare CNVs affecting genes that play a role in cardiovascular system development were identified in 22 (2.6%) CeAD pa- Fig. (1) . Flow chart of study design. CeAD patients carrying rare CNVs of genes associated with cardiovascular system development did not differ from non-carriers with regard to baseline characteristics, clinical symptoms or risk factors (Table 3) . However, patients with a family history of CeAD were significantly more likely to carry a rare CNV affecting cardiovascular system development than patients without a family history. The association between familial CeAD and CNVs affecting cardiovascular system development remained significant after exclusion of related CeAD patients (two pairs of affected sibs were enrolled in the CeAD sample). A rare genic duplication in two affected CeAD siblings (Table 4) comprised the MKL2 gene (encoding myocardin-like 2) which is associated with muscle organ development as well as with muscle phenotype.
The rare CNVs from the CeAD patients that are associated with cardiovascular system development are listed in (Table 4) . A large duplication in chromosome 16p including MYH11 and ABCC6 was found in three CeAD patients and in a single control subject. A deletion of the same locus was identified in one further CeAD patient.
DISCUSSION
This large genome-wide analysis of rare genetic variants in CeAD patients yielded the following key findings:1) patients with CeAD were more likely to carry rare CNVs associated with muscle development, cell differentiation, or cardiovascular system development than control subjects; 2) patients with a family history of CeAD more often carried a rare CNVs associated with cardiovascular system development than patients with sporadic (non-familial) CeAD and 3) CNVs in CeAD patients were highly heterogeneous, even though three patients carried a recurrent 16p duplication including MYH11 and ABCC6 and one further patient had a deletion of the same region.
The association between CeAD and rare genetic variants affecting cardiovascular system development observed in our study is in agreement with earlier findings of rare COL3A1 and TGFBR2 mutations in some patients [23] [24] [25] [26] . Moreover, our pilot study of 70 CeAD patients revealed a rare CNV of the COL3A1/COL5A2 locus and some additional CNVs affecting cardiovascular system development or muscle organ development [7] . In patients with aortic aneurysms and dissections, enrichment of rare copy number variants in similar predefined gene groups has been reported (including enrichment of CNVs in genes associated with smooth muscle cell contraction and in genes associated with cardiovascular diseases) [27] .) Interestingly, one patient from our pilot study sample [7] carried the 16p duplication that we identified in three additional patients from the current study. Furthermore, one CeAD patient from the current study had a large deletion of this same region. This 16p duplication is rare in the human population [28] but was previously found to be significantly more common among patients with aortic dissection than in healthy subjects [4] . Our findings suggest that this rare CNV also increases the risk for CeAD. Taken Table 3 . Baseline characteristics and risk factors in CeAD patients with or without rare CNV affecting cardiovascular system development. Adjusted p-values and OR (odds ratio) are from a logistic regression analysis adjusted for age and sex. 95% CI = 95% confidence interval of OR. Values are n (%) or mean ± standard deviation, CeAD = cervical artery dissection, ICAD = internal carotid artery dissection, FH = family history, unrelated = related patients were excluded. together, these findings also point towards shared risk factors for dissections of different arterial beds [29] .
We are aware of several limitations. The analysis of microarrays data enables the identification of deletions and duplications, but other types of disease-causing mutations (point mutations, indels, translocations, inversions) cannot be detected. Furthermore, smaller CNVs (<50 kb) may have been overlooked, due to the insufficient probe density of the used microarray platforms. The use of different microarray platforms for the analysis of the control groups is a further limitation of our study. Moreover, some of the patient' characteristics (including history of trauma, and smoking) were self-reported and not validated by medical records. Familial history of CeAD was also self-reported and not confirmed by molecular analysis. The lack of independent patient and control samples to confirm the current findings is another limitation of this study. A major strength of our study was the large study sample of patients recruited according to uniform criteria with a single, well-characterized stroke etiology, the utilization of large samples of control subjects as well as the careful inspection and validation of each PennCNV finding in noisereduced datasets in order to reject all artificial CNV findings [7, 16] . Visual inspection of noise-reduced datasets enabled a critical evaluation of PennCNV findings, including their presence, their length and the position of the breakpoints. Moreover, split calls (consecutive calls that in reality represent one single CNV) were identified as CNVs with copy number state = 4, or mosaicism. Last but not least, visual inspection of a dataset gave an immediate impression of the data-quality, including the amplitude of GC-waves and the noise across the BAF-values. For the prioritization of rare CNV findings we compared our data with control subjects from high-quality public databases, to avoid misclassifications [30] . A further strength of our study was the analysis of predefined gene sets associated with biological functions, instead of focusing upon single candidate CNVs. Association of predefined gene sets was identified by different methods: 1) functional enrichment was detected by comparing the frequency of gene sets in the patient sample and in the human genome; 2) genetic association was detected by comparing the frequency of rare CNVs affecting a predefined gene set in patients and control subjects and 3) genetic association was confirmed by comparing the frequency of rare CNVs affecting a predefined gene set in patients with sporadic and familial CeAD.
In summary, our findings suggest that rare genetic imbalance affecting different biological functions contributes to the risk of CeAD. Moreover, the imbalanced genes in this study suggest that developmental defects of the arterial sys-tem may predispose to CeAD. To further explore the role of rare genetic variants in the etiology of CeAD, a wholeexome sequencing study of patients with familial CeAD is currently ongoing [31] .
